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By H. Jack White, Philip C. Pragliola 
and Calvin C. Blackman 


SUMMARY 

A comparison has been made In flight of the antiknock charac- 
teristics of trlptane and a temperature-sensitive fuel component 
(xylidines) with a reference fuel (28-R) and of flight fuel knock 
limits with engine cooling limits. The knock limits of the three 
fuels — 28-R, 80 percent 28-R plus 20 percent trlptane (leaded to 
4.5 ml TEL/gal), and 97 percent 28-R plus 3 percent xylidines 
(leaded to 6.0 ml TEL/gal) — were Investigated In a modified 14- 
cyllnder double-row radial air-cooled engine Installed In a four- 
engine airplane. Tests were conducted at engine speeds of 1800 
and 2250 rpm, at high and low blower ratios, spark settings of 25° 
and 32° B.T.C., and the carburetor-air temperature was maintained 
at approximately 85° F, All tests for a given engine speed were 
made with approximately constant ooollng-alr pressure drop; con- 
sequently, engine-temperature levels were higher with the higher 
performance blends. 

A brief survey of the knock-limited performance characteristics 
of the two fuel blends relative to 28-R follows: 
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RATIOS OF KNOCK-LIMITED BRAKE HORSEPOWER OF TEST 
FUELS RELATIVE TO 28-R 


Engine speed, rpm j 

1800 

2250 

Carburetor -air 

tern- 



85 




85 


perature, °F 








Blower ratio 

Low 

High 

Low 

High 

Fuel blend 

f/a 

Spark advance, deg B.T.C. 

(volume) 

25 

1 32 1 

25 

32 

25 

32 

25 

32 

80$ 28-R plus 

0.065 

1.15 

■ 

1.11 

1.20 

ffi|l 

1.15 

1.25 

1.13 

20$ triptane 

.080 

1.20 


1.20 

1.18 


1.17 

1.19 

1.27 

leaded to 4.5 
ml TEL/gal 

.090 

1.24 

■ 

1.20 

1.19 

si 


1.21 

1.27 

97$ 28-R plus 

0.065 


■j 


ERR 

1.23, 

1.10 

1.21 

1.13 

3$ xylidlnes 

.080 





1.24 

1.20 

1.20 

1.17 

leaded to 6.0 
ml TEL/gal 

.090 


■ 


{ || 

1.26 


1.25 



Estimates were made of temperature-limited engine performance 
at several typical flight and engine conditions. Based on these 
relations it appears that, if the cooling requirements of the engine 
are to he governed by the manufacturer's specified maximum rear- 
spark-plug-gasket temperatures, engine operation at or near fuel 
knock limits In the economical range of fuel-air ratio may cause 
these temperatures to be exceeded, particularly at the higher engine 
speed of 2250 rpm. If it were considered possible to operate with 
average rear- spark-plug-boss temperatures approaching those experi- 
enced with the original model engine (corresponding to maximum 
rear-spark-plug-gasket temperatures specified for those engines), 
the cooling limits of the modified engine would be raised and would 
apparently permit engine operation at or near fuel knock limits- under 
many conditions. 


INTRODUCTION 

The tests reported herein are an extension of a general investi- 
gation to evaluate triptane and other high-performance fuels as 
antiknock components of aviation fuels. This work is being conducted 
at the NACA Cleveland laboratory at the request of the Air Technical 
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Service Command, .Army Air Forces. The scope of these tests, vhich 
have included single-cylinder and multioylinder work, has "been 
briefly described in reference 1. This reference presents the 
results of filght knock tests made with the original test engine; 
the flight cooling characteristics end a comparison between test- 
stand and flight cooling characteristics of the .original test 
engine are presented in references 2 and 3, respectively. ■ 

In order to parallel the procedure used in the presentation 
of flight data taken with the original engine, knock data for the 
current series of flight teBts with modified engine are being 
reported in the same order. The cooling characteristics of bhe 
modified engine in flight are given in reference 4, which is part I 
of the present series of reports. The engine-ooollng data of ref- 
erence 4 are used in this report to compare fuel knock limits with 
the estimated cooling- limit relations for the same engine Installed 
in a four -engine airplane. 


TEST IXJELS 

The knock data obtained with the modified engines in flight for 
28 -R fuel, a blend of 80 percent 28-R and 20 percent triptane (plus 
4.5 ml TEL/gal), and a blend of 97 percent 28-R and 3. percent lyli- 
dines (leaded to 6.0 ml TEL/gal) are compiled and discussed herein. 
Fuels were blended, as for previous tests, on a volume basis. These 
fuels will hereinafter be designated 28-R, triptane bl9nd, and xyli- 
dine blend. The rylidine blend was ohosen because It represents a 
temperature-sensitive fuel that bridges the gap In performance num- 
bers between the lean. rating of 28-R and the rich rating of the 
triptane blend. The knock ratings of the test fuels, obtained at 
the Cleveland laboratory, are as. follows: 


Fuel 

Army-Navy per- 
formance number 

F-3 

rating 

(lean) 

F-4 

rating 

(rich) 

28-R 

100 

130 

Triptane blend 

109 

147 

Xylidine blend 

100 

150 
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EQUIPMENT AND INSTRUMENTATION 

Obtaining fuel knock ratings of the mixture -response type 
Involves the following measurements: engine manifold pressure, 

brake horsepower, fuel flow, charge-air flow, and inlet-charge 
temperatures. Measurements of various cylinder temperatures were 
made to supplement these data because fuel knock characteristics 
may be affected to a certain extent by engine temperature levels. 

In tests of this type, the determination of the intensity and dis- 
tribution of knock among the cylinders Is necessary. 

For most of the tests reported herein, a modified 14-cylinder 
double-row radial air-cooled engine (R- 1830-94) was used, and the 
installation of this engine was (as for the original test engine, 
R-1830-90C) at the left inboard position in a B-24D airplane. Data 
for flights subsequent to number 47 were obtained with another engine 
of the same model. The equipment and Instrumentation for these tests 
were very nearly the same as were used in tests with the B-1830-90C 
engine. The chief difference In the instrumentation of the two types 
of engine was a set of 14 thermocouples installed at the rear of the 
cylinder hold-down flanges for the first modified engine, which was 
not installed on the original engine. This position was selected 
because the manufacturer's temperature limits for cylinder "barrels" 
are based an flange temperatures. (See reference 5.) 

The' original test engine was equipped with a set of shallow- 
type, rear- spark-plug-boss thermocouples, embedded l/8 inch, in 
addition to the standard installation, embedded 3/8 inch. The 
Bhallow embedded thermocouples were previously discussed only in 
reference 3 where it was necessary to use a measurement that would 
duplicate the test-stand installation. The modified engines do 
not have shallow-type thermocouples. 

A fairly comprehensive description of the equipment and instru- 
mentation used with the modified test engines is given in the 
appendix of reference 4, which presents a written and pictorial 
description of all the important Instrumentation includ ing thermo- 
couples, oooling-air pressure tubes, knock pickups and harness, 
fuel-flow meters, special controls, control -position indicators, the 
exhaust-gas oxidizing furnace, and other research equipment used in 
these tests. Much of this equipment was used for tests with both 
the original and the modified test engines. 

As was the case in former tests with the original engine, a 
PD-12F2-16 carburetor was used for the modified test engines. This 
carburetor permitted a wider range of fuel-air ratio at cruising 
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engine speeds than would be possible with the PD-12F7 carburetor, 
which Is standard for the modified engine. The special mixture - 
control plate described In reference 1 was used for the sensitive 
control of fuel flow In the lean-mixture range with this carburetor. 


TEST PROCEDURE AND CONDITIONS 

Procedure . - A technique similar to that employed for the 
original engine (reference l) was used for obtaining knock data 
with the modified engines. The oarburetor-air temperature was 
maintained constant by adjusting the Intercooler shutter opening 
and. In same cases, by bucking the turbosuper charger output with 
the engine throttle (part-throttling) . 

As In tests with the original engine, knock data were recorded 
when four, five, or six cylinders showed light or occasional knock. 
The procedure for cooling the engine during knock tests was to 
maintain approximately constant Indicated airspeed and constant 
cowl-flap setting. This procedure, which was used for the earlier 
knock tests, is explained In more detail under PROCEDURE In refer- 
ence 1. One departure from the practice of holding a constant 
cooling-air pressure drop was made: Instead of maintaining an 

indicated airspeed of approximately 200 mph for all the knock runs, 
as in reference 1, the tests at 1800 rpm were made with an airspeed 
of approximately 180 mph whereas those at 2250 rpm were made at 
approximately 200 mph. A cowl-flap setting of full open was held 
throughout the tests for the original and the modified test engines. 

The maintenance of an approximately constant coollng-alr oAp 
resulted, of course. In a variation of engine temperatures, both for 
the different fuels and for changes In fuel-air ratio, the primary 
teBt variable. A special Investigation was made to determine the 
extent by which the two methods of test-engine oooling — constant 
coollng-alr pressure drop (custqmarily used) and constant head 
temperature — affect the shape or position of a knook curve at a 
given set of engine conditions. At the engine conditions used for 
this Investigation no appreciable difference In knook limits was 
observed for the two methods; a tentative Justification was thus 
obtained for the method used. (See appendix A.) 

Test conditions. - The following table lists the engine- 
operating conditions at whloh the various fuels were tested. Values 
of oarburetor-air temperature given are those Indicated by the 
resistance-bulb thermometer unit In the carburetor elbow. This unit 
closely simulates the standard airplane Installation. The actual 
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carburetor calibration was baaed upon a screen thermocouple temper- 
ature T c , which was employed in analyzing all data and was found 
to indicate temperatures approximately 5° F higher than the resist- 
ance bulb. 


Fuel 

IGHjm 

Blower ratio 

------ - 

Spark setting 
(deg B.T.C.) 

Approximate 
carburetor- 
air temper- 
ature 
(°F) 

Xylidine blend 

1800 

High 

25 and 32 

65 


2250 

High and low 

25 

85 

Triptane blend 

1800 

Low 

25 

85 


1800 

High 

25 and 32 

85 


2250 

Low and high 

25 

' 85 

28-R 

1800 

Low- 


85 


1800 

High 


85 


2250 

Low and high 


85 


2230 

High 

25 

100 


The engine conditions pertaining to the various groups of knock 
curves and the numbers of the flights from which the various knock 
curves or cheok points were obtained are given on the figures. 

Table I lists flight conditions and recorded free -air temperatures 
according to flight number. Variation in free. -air temperature was, 
of course, due to atmospheric conditions and could not be avoided. 


RESULTS AND DISCUSSION 
Knock-Limited Performance 

Presentation of knock data. - Results of. the flight knock tests 
are plotted in basio form in figures 1 through 8 and are arranged, 
as nearly as possible, in the order of increasing severity of engine 
conditions (for example, fig. 1: 1800 rpm, low blower ratio, low 

spark setting; fig. 2: 1000 rpm, high blower ratio, low spark 

setting; fig. 3: 1800 rpm, high blower ratio, high spark setting). 

The (a) sheet of oach figure shows knook-limited manifold pressure, 
knock-limited brake horsepower, fuel flow, brake speoific fuel con- 
sumption, and average mixture temperature; the (b) shoet shows knock- 
limited brake moan effective pressuro, knock-limited charge -air flow, 
exhaust pressure, and average cooling-air prosoure drop for heads and 
barrels; and the (o) shoet presents carburetor -air temperature (screen 
thermocouple) and average and maximum values of throe cylinder temper- 
atures . 
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Check points on the knock curves are represented by tailed 
symbols. Check data vere obtained for nearly all the curves. In 
some Instance's, scatter of the data for oertaln of the variables 
such as average mixture temperature, brake specific fuel consumption, 
carburetor -air temperature, . and average cooling -air pressure drop 
made differentiation between fuels dlffloult, therefore a single 
average curve was faired through the test points. In most oases, 
however, separate curves for all three fuels will be found. 

Discussion of knook-teat data, - The knock curves In figures .1 
and 2 show little variation of knock-limited manifold pressure over 
the range of fuel-air ratio between 0.06 end 0.10. Flat knock 
curves are frequently noted when engine conditions are very mild 
with regard to fuel knock. In figure 1, consequently, the knock- 
limited brake -horsepower ourves approximate the relation that 
usually exists for the variation of brake horsepower with fuel -air 
ratio at constant manifold pressure. The knock limit of the triptane 
blend falls considerably higher than that of 20 -R over the entire 
range of fuel-air ratio in figures 1 and 2. The knock limits of 
the xylidine blend exceed those of the triptane blend by a definite 
margin. (See fig. 2.) 

The knook data In figure 3, which were obtained at more severe 
engine conditions (high spark advance and high blower ratio) than 
those of figures 1 and 2, show the xylidine blend to be depreciated, 
relative to the triptane blend, by the change in engine conditions. 
Both fuels, however, exhibit a definite improvement in knock limit 
over 20-R. The knock limits of all three of the fuels were lowered 
to some extent by the higher spark advance. (Cf. figs. 2 find 3.) 

No apparent Improvement in brake specific fuel consumption was noted 
at the higher spark advance within the range of the data, but it is 
emphasized that tests were not run primarily to investigate the 
effect of spark advance on specific fuel consumption. Knock data 
for the three fuels at an engine speed of 2250 rpm are shown in 
figures 4 and 5. At low blower ratio and low spark setting (fig. 4) 
the xylidine blend nearly equaled the triptane blend in knock-limited 
performance at the rich and lean extremes and exhibited slightly 
higher knook limits at intermediate mixtures. A relatively flat 
mixture -response ourve was again obtained with 28-R at these condi- 
tions. At high blower ratio and low spark setting (fig. 6) the 
increase in severity of engine conditions again effected a slight 
depreciation of the knook limits of the xylidine blond relative to 
the triptane blend in the. loan region. The high spark setting at 
2250 rpm effected a doorcase in knook limits for all three fuels 
and decreased the performance both of the triptane xylidine 
blends relative to 28«R. This effect is to be observed both for low 
and for high blower ratios. (Cf. figs. 4 and 5 and figs. 6 and 7.) 
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The data obtained in these tests show that the xylidine blend 
consistently decreased more in knock: lJmit than the triptane blend 
or the 28 -R fuel as the engine conditions became, more severe. This 
effect is accounted for by the greater temperature sensitivity of 
the fuel, as noted in reference 1. 

Figure 8 presents knock data obtained with 28 -R fuel at a 
carburetor-air temperature approximately 15° F higher than was 
maintained for the other tests of this report. In order to check 
the knock limits of the modified engine against those of the 
original, similar conditions were used to test the fuel. These 
data, however, do not permit a fair comparison because of the 
necessity of maintaining an unusually high exhaust pressure to 
obtain the desired carburetor-air temperature by bucking the turbo- 
supercharger output with the throttle. (The tests with the modified 
engine were conducted in much colder weather than those with the 
original.) Because of the possible effects of exhaust pressure an 
the knock limits, these data may not be completely comparable with 
the rest of the tests. 

For all plots (figs. 1 through 7) data for brake specific fuel 
consumption with the three teBt fuels at a given set of engine condi- 
tions define nearly the samo curve, despite a difference in knock- 
limited power level (and over-all mechanical efficiency) . The lack 
of separation between these data may be attributed to the increased 
use of the turbosupercharger (increased exhaust pressures) at the 
higher powers and the added loss of power in the engine -stage super- 
chargor resulting from the increased rates of charge-air flow. 
Appreciable differences in exhaust -pressure data between the throe 
fuels at various conditions are again the result of operation of the 
turhosupercharger. Whether these differences in exhaust pressure 
have affected tno knock data to any appreciable extent has not been 
determined. (Soo reference 6.) Tlio samo effects, however, pertain 
to the data of reference 1, although the values of exhaust pressure 
were not givon in that report. The increased oxhaust pres sure- a woro 
apparently not effective, of themselves, in appreciably raising 
engine temperatures because all the temporaturo data recorded during 
the knock test3, at both high and low oxhaust pressures, wore satis- 
factorily correlated (reference 4) by means of the NACA cooling 
correlation, which does not take the effects of exhauat pressure upor 
engine temperatures into account. 

' Cross plots of knock data, - An effort was made to dotornine 
to what extont all the, knock data in figuroc 1 through 6 could be 
correlated without differentiating between various engine speeds and 
blower rutioe. This concept is in agreement with the correlation 
principles sot forth in reference 7 although, the coordinate soales 
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herein bear different labels. Essentially, figure 9 presents plots . 
of Vnook-limited charge -air flow per cycle against average mixture 
temperature fox* the three test fuels. These data were obtained by 
cross-plotting at certain fuel-air ratios the. average mixture.- 
temperature data on the (a) sheet and the knock-limited charge -air 
flow data on the (b) sheet of- figures 1 through 8. In order to 
reduoe all the data (at various engine speeds) to a single plot, 
the knock-limited total charge -air flow was converted to knock- 
limited charge -air flow per cyole (roughly equivalent to a compari- 
son on the basis of knock- limited manifold pressure). 

The data in figure 9 show fairly consistent trends of variation 
in knock-limited performance with mixture temperature for the various 
engine speeds, blower ratios, and fuel blends. The data St a spark 
advance of 32° B.T.C. usually fall lower than the data at a spark 
advance of 25° B.T.C. The slopes of the curves in figure 9 indicate 
the degree of severity of engine conditions imposed upon the fuels. 

The progressive reduction in the slope of the curves with increasing 
fuel -air ratio in the low mixture -temperature range (going from 
fig. 9(a) to (c) and from (d) to (f)) shows that, for low mixture 
temperatures and rich mixtures, the engine conditions imposed upon 
the fuels were very mild. 

Engine po ol ing during knock tests. - Approximately constant 
indicated airspeed, cowl -flap setting, pressure altitude, (and conse- 
quent oooling-air aAp) were maintained for all the knock tests; 
this method resulted in uniformly higher engine temperatures for the 
high-performance fuels thun for 28-R. A description of a side iaveeti 
gation to determine the effect of engine cooling on the knock data and 
a tentative Justification for the procedure used are given in appen- 
dix A. This Justification is based on the fact thut at the conditions 
investigated, a change of 85° F in head temperature did not alter the 
knock limits appreciably. 

Data from inlet -charge thermocouple. - Good correlation is 
shown between the measured, inlet-charge (so-called mixture) tempera- 
tures and the oomputed charge temperatures . A comparison of these 
temperatures Is given in appendix B. A brief derivation of the equa- 
tions used in these thormodynami o calculations is also presented. 


Temperature -Limited Performance 

Method of determining temperature -limited performance. - In 
order to compare the knock -limited performance of the different fuel 
blends with the engine -cooling limits, calc ula tions w ere made to 
estimate the cooling-limited performance of this engine installed 


10 


BACA MB Bo. E5H04 


In the airplane. The cooling equation for the modified engine 
developed in reference 4 and the plot of effective gas temperature ■ 

Hgg against fuel-air ratio presented therein were used in these 

Calculations, supplemented "by the manufacturer's cruising- control 
chart from the flight manual (reference 8). These temperature- 
limited performance curves are shown in figures 10 and 11. The 
knock-limited performance curves also shown in these figures were 
replotted from figures 1(a) and 4(a). 

Cooling-limited engine performance was determined for two 
criterions of temperature limits: (1) the engine manufacturer's 

specified maximum rear-spark-plug-gasket temperatures for continuous 
operation of 450° F (maxi mum recommended value) and 400° F (desired 
operating value) and (2) temperatures higher than the rear- spark- 
plug-gasket temperature specified by the manufacturer in order to 
permit a direct comparison between the modified and the older type 
engines. The following assumptions were made in both ceses: 

(a) Airplane groBS weight, 50,000 pounds 

(b) Fligjht at 7000-foot pressure altitude 

■(c) Cooling-air stagnation temperature, 60° F 

(d) Carburetor-air temperature, 85° F 

(e) Airplane equipped with four double-row radial air-cooled 

engines, all operating at the same conditions and 
having the same cooling characteristics as the modified 
test engine 

(f) Approximately constant propeller efficiency in the high- 

power range with changes in pitch and airspeed 

(g) Variation of true airspeed as a linear function of the cubs 

root of engine power 

(h) Variation of brake horsepower as a linear function of mani- 

fold pressure within the rich range of fuel-air ratio 

Criterion 1, based on specified rear- spark-plug-gasket temperatur e 
limits, - Temperature-limited performance curves were calculated for 
cruising with a maximum temperature at the rear-spark-plug gasket of 
450° F; these curves were determined at cowl -flap positions of l/3 open 
and dosed for engine speeds of both 1800 and 2250 rpm. Cowl-flap 
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settings of l/3 open and dosed are approximately 7° and 



■open, 


respectively. Similar curves were determined using 400° F for the 
maximum gasket temperature;- these relations are plotted as dashed 
curves in figures 10(a) and 11(a). 


Because the cooling equation for cylinder heads was developed 
using an average value of the temperatures measured at the embedded 
rear-spark-plug-boss thermocouple, a conversion was made from the 
Initially assumed maximum, (of 14 cylinders) rear-spark-plug-gasket 
temperature to average rear- spark-plug-boss temperatures. (See 
figs. 6 and 9, reference 4.) 


In order to determine engine cooling limits as the fuel-air 
ratio varied, corrections had to be made to the engine cooling-air 
pressure drop as the airspeed varied with changes in engine power. 
The cruise-control chart given in reference 8 was used throughout 
these calculations in determining the airspeed from the engine 
power; Thus, It can be seen that the cooling limits of the engine 
are partly a function of the airplane-performance characteristics. 


Figure 10(a) shows that at an engine speed of 1800 rpm the 
knock curves for both 28-R fuel and the triptane blend fall below 
the highest tempornture-llmit curve when the specified rear-gasket 
temperature is the criterion. These knock curves, however, exceed 
the manufacturer's desired operating conditions (400° F ms-ri mum 
rear -gasket temperature with cowl flaps dosed) . At an engine Bpeed 
of 2250 rpm (fig. 11(a)) the triptane blend and xylidine blend knock 
curves exceed all the temperature-limit curves, whereas the 28-R 
knock curve is lower than the highest temperature -limit curve at 
fuel-air ratios higher than 0.084. For these assumed temperature 
limits at an engine, speed of 1800 rpm the engine is either knock 
limited or cooling limited (fig. 10(a)) depending . upon the temperature 
limit criterion, but at 2250 rpm it is predominantly cooling limlted,- 
partloularly In the lean-mixture range (fig. 11(a))-. 

Criterion 2, based on increased rear- spark-plug-boss tempera- 
tures. - Beoause the original test engine was found to operate with 
higher average boss temperatures than the modified engine! although 
the same maximum gasket temperature was maintained in both cases, it. 
was decided to recompute the cooling-limited performance relations 
for the modified engine by using the average rear-spark-plug-boss 
temperature limits obtained -with the original engine for comparison 
with the standard values obtained with the modified engine. The new 
relations based on elevated temperatures are plotted as dashed curves 
in figures 10(b) and 11(b). 
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Figure 12 shows a comparison of the conversions from average 
rear-spark-plug-boss temperature to maximum rear-spark-plug-gasket 
temperature for both engines. (The curve for the modified engine 
Is a replot of figs. 6 and 9 of reference 4 and the original test 
engine curve Is taken from fig. 10 of reference 2.) At the manu- 
facturer's specified limit of 450° F maximum gasket temperature, 
the modified engine had an average rear-boss temperature of 429° F 
whereas the original engine showed an average rear-boss temperature 
of 461° F. (See fig. 12.) Similarly, for the manufacturer's 
recommended maximum gasket temperature of 400° F, the modified 
engine showed an average rear-boss temperature of 386° F and the 
original engine had an average rear-boss temperature of 411° F. 

The cooling- limited performance relations were therefore recalcu- 
lated for the modified engine based on average rear-boss temporatures 
of 411° and 461° F. 

A comparison of figures 10(b) and 11(b) with figures 10(a) and 
11(a) shows that by using th9 average rear-boss temperatures corre- 
sponding to original engine ogeratir^j values as cooling limits, the 
temperature-limited performance of the modified engine is increased 
by at least 20 percent. In figure 10(b) for an engine speed of 
1800 rpm, the 28-R knock curve Just touches the cooling-limit curve 
for an average rear -bo a a temperature of 411° F, cowl flaps l/3 open, 
at the minimum point; and, in figure 11(b) for 2250 rpm the 28-R 
knock curve touches the cooling-limit curve for an average rear-boss 
temperature of 461° F, cowl flaps closed, near its minimum point. 
Based on the cooling criterion of figures 10(b) and 11(b), the knock 
limits of 28-R are well within the operating cooling-limit range. 

The knock limitB of both the triptane and the xylidine blend exceed 
the highest cooling-limit curve over part of the fuel-air-ratio range 
in figure 11(b) . 

An interpolation between the minimum points of the highest and 
the lowest cooling-limit curves in figure 10(b) reveals that the 
28-R knock limit is approximately one-third of the distance above 
the lowest. This knock limit may then be considered to be the equiva- 
lent of a cooling limit of approximately 430° F (average rear boss) 
with cowl flaps closed. A similar interpolation may be applied to 
m any of the other knock curves in figures 10 and 11. 

Maximum barrel temperature s. - The maximum rear middle-barrel 
and rear-hold-down-flange temperatures, corresponding to the assumed 
constant maximum rear-spark-plug-gasket temperatures of 400°- and 
450° F in figures 10(a) and 11(a), are plotted in figure 13. The 
data for these curves were obtained by means of the cooling equation 
for rear middle barrels presented in reference 4 and apply for both 
the l/3 open and the closed cowl -flap settings. Conversions from 
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average 'barrel temperature to maximum "barrel and maximum flange 
temperature e were made vittrthe aid of plots shown In reference 4. 
These converse one were obtained from engine data taken during 
flight tests. The highest rear-flange temperatures pi’edicted for 
any of the eight sets of conditions are seen to he In the neighbor- 
hood of. the manufacturer 1 s maximum specified value of 335° P. (See 
x-eference. 5.) It will he observed that the maximum barrel tempera- 
tures generally fall 30° to 40° P lower than the corresponding 
m aximu m flange temperatures at the same conditions. 

Maximum barrel and flange temperatures , corresponding to the 
assumed constant average rear -spark -plug-boas temperatures of 411° 
and 461° P In figures 10(b) and 11(b), are plotted In figure 14# 

The data shown again apply for both the l/3 open and the closed cowl- 
flap positions. These tempera t’lree, In comparison with those for 
figure 13, are uniformly higher, as would he expected. Maximum 
barrel temperatures again fall roughly 30° to 40° F lower than the 
corresponding maximum f Hangs temperatures. 

Spoclflc operating Instru cti ons and c arburet or -metering c harac - 
teristics . - The knock and cooling limits "just presented will next 
be compared with the carburetor -metering characteristics end with 
the conditions specified in the operating instructions of the engine 
manufacturer. The average metering characteristic's cf the carburetor, 
which is standard for the modified engine, have been plotted in 
figures 10 and 11 for comparison with the fuel -knock and estimated 
engine cooling limits. These carburotor-metering data were obtained 
and converted from flew -bench test data. 

The operating instructions- for this engine (reference 5) do not 
list a specific manifold pressure for an 18C0 rpm cruisej however, 
manifold pressures of 32.6 32.5 inches of mercury' was specified 

far 1400 and 2000 rpm, respectively, at low blower ratio and in 
automatic -lean mixture -control setting. In reference to figure 10(a) 
a similar manifold pressure at 1000 rpm falls a little below the 
intersection of the automatic -lean carburetor -metering curve with 
the lowest cooling-limit curve. A Bureau of Aeronautics calibration 
of the modified engine (reference 9) lists an operating condition 
at 18Q0 rpm at low blower ratio with a manifold pressure of 
34 inches of mercury. This .setting (fig. 10(a)) lies almost exactly 
at the intersection of • the -automatic -lean carburetor-metering curve 
with the lowest cooling-limit curve (which satisfies both the engine 
manufacturer's desired opere ting temperature of 400° P and the 
airplane manufacturer' s desired closed cowl -flap setting) . 
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The operating In struct Ions (reference 5) specify a manifold 
pressure of 31.2 Indies of mercury for an engine speed of 2250 rpm 
at low blower ratio with the automatic-] ean carburetor setting. 
With relation to the curves in figure 11(a), this sotting falls at 
the Intersection of the automatic- lean oarburetor-meterlng curve 
and the lowest coollng-llmit curve (again satisfying both 
manufacturers' desired operating conditions). 


SUMMARY OF RESULTS 

Tests of a modified 14-cylinder double-row radial air-cooled 
engine installed in a four-engine airplane with 28-R, triptane blend, 
and xylidine blend fuels, at engine speeds of 1800 and 2250 rpm, 
high and low blower, and spark advance of 25° and 32° B.T.C. gave 
the following results: 

1. Based on brake -horsepower measurements, the blend of 20 per- 
cent triptane and 80 percent 28-R, leaded to 4.5 ml TEL per gallon, 
had a knock limit from 11 to 27 percent higher than that of 28-R. 

The improvement was about the same for both blower ratios and at 
both values of spark advance. 

2. Based on brake -horsepower measurements, the blend of 3 per- 
cent xylidines and 97 percent 28-R, leaded to 6.0 ml TEL per gallon, 
had a knock limit from 10 to 27 percent higher than that of 28-R. 

The improvement was, on the average, somewhat greater than that 
found for the triptane blend. Within the range of these investi- 
gations, the temperature sensitivity of the xylidine blend did not 
cause it to rate appreciably lower than the triptane blend from a 
standpoint of actual knock-limited performance, although increasing 
the severity of engine conditions depreciated the lean-mixture 
antiknock characteristics of the xylidine blend to a greater extent 
than was found to apply for the triptane blend. 

3. A fair degree of correlation was obtained by plotting, for 
the three test fuels at various fuel-air ratios, knock-limited charge- 
air flow per cycle against (observed) mixture temperature. 

4. For 28-R fuel at the higher engine speed and blower ratio 
and with a spark advance of 25° B.T.C. , a change of head temperature 
from 485° to 400° F did not alter the knock limit of the fuel to. an 
appreciable extent. 

5. Good correlation was obtained between average (of 14 cyl- 
inders) observed mixture temperature and values of mixture temper- 
ature calculated from a theoretical equation. 
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6. Estimated temperature-limited performance relations for 
this engine based on the manufacturer 1 s specified maximum rear- 
spark-plug-gaoket temperatures may he exceeded when operating at 
the knock limits of all three fuels at 2250 rpm. Operation at or 
near knock limits of 28-R.or of the higher-performance fuel blends, 
however, may be possible at 1800 rpm under certain conditions with- 
out exceeding these temperature limits. 

7. If the operating temperature limits specified for the modified 
engine could be raised to the equivalent of a rear-spark-plug-boss 
temperature that corresponds to normal operating conditions for the 
earlier model engines, the cooling- limited performance of this engine 
could be considerably Increased and fuel knock rather than cooling 
would become the limit with 28-R fuel at the conditions investi- 
gated, particularly at 1800 rpm. 


Aircraft Engine Research Laboratory, 

National Advisory Committee for Aeronautlos, 
Cleveland, Ohio, August 4, 1945. 


16 


NACA MR No. E5H04 


APPENDIX A 


DISCUSSION OF PROCEDURE FCffi ENGINE COOLING DURING MOCK TESTS 

The maintenance of approximately constant cooling-air a A p in 
running the knock tests resulted (as for the tests reported in ref- 
erence 1) in uniformly higher engine temperatures for the high- 
performance fuels them for 28-R. The effect of engine temperatures 
(cooling procedure) on tne knock data has heen repeatedly questioned 
"because, knock tests are often run maintaining constant head tempera- 
tures. Therefore, two separate Investigations were made in addition 
to the oustamary knock tosts. 

For a particular set of engine conditions, a knock curve was 
first obtained following the customary cooling procedure; namely, 
maintaining approximately constant indicated airspeed (cooling-air 
pressure drop) for all the "knock points (over the range of fuel-air 
ratio). This practice, of course, resulted in a considerable vari- 
ation in engine temperatures. (See figs. 1(c) through 8(c).) Such 
variation is primarily the result of fuel-air ratio and secondarily 
of knock-limited power, 

A second set of data was then obtained with the same fuel and 
the same engine conditions, except that the engine cooling-air pres- 
sure drop was so varied that the maximum rear- spark-plug-boss temper- 
ature was maintained essentially oonstant (over the range of fuel-air 
ratio) , This oonstant temperature, as shown In figure 15, waB chosen 
as the highest temperature obtained In running the conventional knock 
curve. The curves of figure 15 and of figure 6 (fig. 6 Includes all 
the data from fig. 15 with additional ourves) show that, for these 
conditions, little If any difference Is produced In the knock curves 
when using either constant head temperature or constant 0Ap. (This 
statement does not imply that under other operating conditions 
cylinder -head temperature does not affoot knock limits.) 

A similar investigation was made with a carburetor -air temperature 
of 100° F (fig. 8). Because of the method used to obtain this elevated 
carburetor -air temperature for the data of figure 8 (bucking the 
turbosuporcharger output with the throttle) the rango in fuel-air ratio 
obtainable was somewhat restricted. These data, however, again demon- 
strate that the knock limits under both conditions of ex^ine cooling 
are, in general, within the customary band of experimental scatter of 
such data. Engine conditions, as affecting fuel -knock limits, were 
quite severe ( f. figs. 1 through 8) for the tests in which the effect 
of tho additional variable — engine cooling — was studied. 
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In the light of the small of foot of head temperatures upon 
■knock limits found in those tests, it was felt that the added 
difficulty Involved In maintaining constant temperatures was not 
warranted; furthermore, the maintenance of constant head temperature 
Implies that the highest head temperature experienced for any of 
the test conditions Is the one to he held constant. This procedure 
decidedly shortens the life of the cylinder horrels and the piston 
rings . 
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APPENDIX B 


DATA FROM 3BLET-CHABGE THERMOCOUPLE 

Inasmuch as Inlet -charge (so-called mixture) tomporaturo is 
one of the most important engine variables in its effect on fuel- 
knock limits, correct evaluation of this parameter is necessary. 
Those data wero experimentally obtained with 14 bare thermocouples 
looated at tho contors of tho various intake stacks. This Instal- 
lation is doscribod in moro detail in tho appendix of reference 4. 
The data plottod as average mixture temperatures in figures 1(a) 
through 8(a) aro the average tomperatures for the 14 thermocouples. 
Tho maximum deviation of an individual measurement from tho avorago 
(of 14) was, in general, loss than 5° F. 

A comparison of the average observed mixture temperaturo with 
the theoretically d-j to rained charge temperaturo is of inboroBt. A 
brief resume' of tbo mothod of calculation follows. Tho symbols 
used ore : 

T m final ohargo temperature, °F 

T c carburotor-air temperature (soroon thermocouple! ) , °F 
AT a tomporature rise across suporchargor, °F 
AT V temperaturo drop duo to fuel vaporization, °F 
N engine speed, rpm 

R impeller goar ratio 

d impeller diaraotor, in. 
k constant 

Tho final mixture temperaturo Is equal to the sum of tho carburotor- 
air temporaturo plus tbo temperaturo rise duo to compression in tho 
suporchargor loss tho temperaturo drop duo to fuol vaporization. 

Thus 


AT 7 


T m = T c + AT, 


( 1 ) 
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From a familiar equation given In a number of engineering texts 




(WAT 


( 2 ) 


where blower tip speed Is In feet per second, 778 Is the mechanical 
equivalent of heat In foot-po unds per Etu, Op Is the specific 

heat of air at constant pressure '(usually taken as 0.243 Btu/lb/°F) 
and g Is the acceleration due to gravity (taken as 32.2 ft/sec^) . 
Equation' (2) requires modification' to account for the physical char- 
acteristics of bbe actual impeller and diffuser. Correcting for 
the pres sure coefficient qal "and the adiabatic temperature -rise 
effiolenoy p, equation (2) becomes 


AT 


s 


(blower 


p 

ti n speed) 
6090 



Assuming an average ratio of coefficients of 0.90 for conven- 
tional sii per chargers 


A m _■ (blower tip speed)* 
a = 6030 


X 0.90 


(3) 


However, blower tip speed = — .ft . x .Ar-3^. 

60 X 12 

For the modified engine with an 11. 3 -inch -diameter impeller at low 
impeller gear ratio (7.15:1) equation (3) may be expressed as 


AT 0 = 1.83 X 10 ” 5 X N 2 

and at high impeller gear ratio (8.47:1) this equation becomes 

\ AT 0 = 2.58 X 10 " 5 X N 2 

The temperature drop due to fuel vaporization for charge thermo- 
couples, as installed for these tests, is represented with fair 
aocuraoy by 


AT V = 390 X (fuel-air ratio) 
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Equation (l) may finally be expressed as 
low blower 

T m = T c + 1.83 X IO - 5 X N 2 - 390 X F/A (4) 

High blower 

T m = T 0 + 2.58 X 10~ 5 X N 2 - 390 X F/A (5) 

Equations (4) and (5) have been repeated in figure 16 and were 
used to obtain the curves plotted therein. With the aid of these 
figures it is possible to determine, usually with -t5° F, the aver- 
age manifold mixture temperature of the modified engine. Separate 
curves for each of three fuel-air ratios were constructed at each 
individual value of carburetor -air temperature. Thus, rapid iden- 
tification of the average mixture temperature at a given set of engine 
conditions may be made because all pertinent variables are given in 
the plot. 

It is of interest to observe the degree of correlation that 
exists between values of the average observed mixture temperature 
(of the 14 thermocouples) and the calculated values. In figure 17 
are shown data from all the knock tests taken from figures 1 through 
8. Cross plots were made of the average mixture temperature values 
(observed from test results) at three fuel-air ratios whereas the 
calculated relations were based on values of carburetor-air tempera- 
ture indicated by the screen thermocouple. The 45° dashed line 
shown on this figure represents the Ideal relation that would exist 
between observed and calculated values If the calculations exactly 
predicted the observed results. 
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TABLE I - FLIGHT CONDITIONS AND FREE -AIR TEMPERATURE 


Flight 

Fuel 

Pressure 

altitude 

(ft) 

— 

Free-) 

tempo; 

(°1 

air 

rature 

F) 

Indicated 

airspeed 

(mph) 

Mini- 

mum 

Maxi- 

mum 

Mini- 

mum 

Maxi - 
mum 

Mini- 

mum 

Maxi- 

mum 

25 

28-R 

4920 

4980 

46 

53 

137 

180 

26 

Triptane blend 

7050 

7050 

50 

53 

192 

202 

27 

28-R 

7010 

7060 

44 

46 

190 

193 


Zylidine blend 

6970 

7030 

46 

47 

196 

200 

26 

28 -E 

7410 

7410 

43 

45 

187 

192 


Triptane blend 

7390 

7410 

48 

49 

192 

196 


Zylidine bland 

7390 

7420 

45 

48 

193 

197 

29 

28-R 

7466 

7466 

50 

51 

190 

193 


Triptane blend 

7466 

7466 

50 

51 

195 

197 


Triptane blend 

9970 

9970 

46 

48 

195 

195 

30 

28-R 

6960 

7000 

50 

52 

187 

194 


Triptane blend 

6960 

7000 

50 

52 

192 

199 


Zylidine blend 

6960 

7000 

50 

53 

193 

200 

31 

26 -E 

7140 

7220 

45 

47 

197 

206 


Triptane blend 

7140 

7220 

45 

48 

198 

210 


Zylidine blend 

7120 

7220 

45 

48 

198 

211 

32 

28-R 

7000 

7040 

57 

59 

199 

201 

34 

28 -E 

6970 

7110 

50 

53 

138 

203 

35 

28 -E 

6930 

7020 

49 

50 

177 

183 


Triptane blend 

-7 020 

7020 

50 

51 

181 

185 


Zylidine blend 

7020 

7020 

50 

51 

179 

185 

36 

28 -E 

7060 

7110 

42 

44 

198 

207 


Triptane blend 

7110 

7110 

43 

43 

210 

210 

37 

28 -B 

3970 

4010 

55 

56 

146 

167 


Triptane blend 

7010 

7060 

43 

44 

199 

210 


Zylidine blend 

6980 

7040 

42 

43 

202 

209 

38 

28-B 

7030 

7060 

44 

45 

201 

207 


Triptane blend 

7030 

7060 

42 

46 

201 

213 


Zylidine blend 

7050 

7100 

42 

43 

204 

212 

50 

28-R 

7075 

7140 

43 

48 

191 

200 


Triptane blend 

7090 

7120 

43 

47 

192 

208 

*51 

28-R 

8190 

8260 

46 

49 

194 

204 


Triptane blend 

8130 

8220 

48 

49 

200 

210 

52 

26-R 

7050 

7100 

47 

49 

194 

202 


Triptane blend 

7000 

7080 

40 ■ 

50 

197 

205 


Zylidine blend 

6860 

7110 

47 

49 

196 

207 

55 

28 -E 

7090 

7100 

31 

31 

197 

204 

56 

28 -E 

6940 

7030 

49 

50 

198 

203 
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Knock-limited manifold bsfo, Arerage mlxtur 

pressure, In. Hg absolute Knock-limited brake horsepower Fuel flow, lb/hr lb/hp-hr temperature, 



(a) lug ino -perf omnce Tarlabloa. 


Figure 1. - Performance of modified engine as limited by the knock characteristics 
of tvo fuels; engine speed, 1800 rptn; leer blower ratio (7.15:1); spark ad-rance, 
25° and 32° B.T.C.; carburetor -air temperature (bulb), approximately 85° F; four- 
engine airplane. 
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(b) Additional performance variables. 
Figure 1. - Continued. 


Carburetor-air Rear aiadle-barrel 

temperature, f temperature, °r Rear -spark -plug-gaaket temperature, °f Heer-apark-plug-boss temperature, °f 

(flcreen thermocouple) 
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Spark 

advance 

(deg 

B.T.C. ) 


O 28-R 

25 

29 

&28-R 

25 

55 

OTriptane blend 

25 

29 

&Trlptene blend 

25 

37 

XTrlptane blend 

32 

29 


Maximum temperature 

Average temperature 


120 tOO* 
100 


.07 .08 

fuel-air ratio 


(e) Temperatures. 


Engine speed , 1800 rpm 
Los blosei ratio 

Spark advance, 25° and 32° B.T.C. 


figure 1. Concluded 



Knock-limited manifold bsfe, Average mixture 

pressure, in. Kg absolute Knock-limited brake horsepower Fuel flow, lb/hr lb/hp-hr temperature, °F 
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O 28-R 


27 

b 28-R 
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□ Xylidlne 

blend 

28 

Xylidlne 

blend 

27 

O Triptane 

blend 

26 

Ct TrlFtane 

blend 

28 
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Engine speed, 1800 rpm 
High blower ratio 1 

SparK advance, 25° B-T.G. J 

Fuel-air ratio 

(a) Engine -performance variables. 

figure 2. - Performance of modified engine as limited by the knock characteristics 
of three fuels; engine speed, 1600 rpo; high blower ratio (8.47:1); spark advance 
25° B.T.C.; carburetor-air temperature (bulb), approximate ly 85° F; four-engine 
airplane . 
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(b) Additional performance rarlablea. 


Figure £. - continued. 


Carburetor-air Rear middle-barrel 

temperature, Y temperature, °F Rear-spark-plug-gacket temperature, °F Rear-epark-plug-boss temperature, °F 

(screen thermocouple) 
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(o) Temperatures. 


Figure 2. - Concluded. 
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Spark .advance , 


.07 .06 

Fuel-air ratio 


(a) Engine -performance variables. 

Figure 3. - Performance of modified engine as limited by the knock characteristics 
of three fuels; engine speed, 1800 rp»; high blower ratio (8.47:1); spark advance 
32° B.T.C.; carburetor-air temperature (bulb), approximately 85° F; four-engine 
airplane. 
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temperature, F temperature, °F Rear-spark-plug-gasket temperature, F Rear-epark-plug-boss temperature, °F 

(screen thermocouple) 
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30 
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35 
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ip era ture 
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£21 HRS: 


Fuel-air ratio 


1°) Tampere turea. 
Figure 3. - Concluded. 





Knock-limited manifold bsfc, Average mixture 

treasure, in. Hg absolute Knock-limited brake horsepowrr Fuel flow, lb/hr lb/hp-hr temperature, °F 
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(to) Additional performance variables. 


Figure 4. - continued 


Carburetor-air Rear mlddle -barrel 

temperature, F temperature. °F Rear-spark-plug-gasket temperature, °p Rear-spark-plug-boss temperature, °F 

{screen thermocouple) 
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(a) Engine -performance variables . 


Figure 5. - Performance of modified engine as limited by the knock characteristics 
of three fuels; engine speed, 2250 rpm; low blower ratio (7.15:1); spark advance. 
' a 32° B.T.C.; carburetor-air temperature (bulb), approximately 85° F; four-engine 

yl airplane . 












Knock-limited manifold Knock-limited bsfc, Average mixture 

pressure, in. Hg absolute brake horsepower Fuel flow, lb/hr lb/hp-hr temperature, °F 
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Figure 6. - continued 


Carburetor-air Rear middle-barrel 

temperature, °F temperature, °F Rear-spark-plug-gasket temperature, °F Rear-spark-plug-boBS temperature, °F 

(screen thermocouple) 
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(c) Temperatures. 


Figure 6. - Concluded. 
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(a) Engine -performance variables . 

Figure 7. - Performance of modified engine as limited by the knock charac- 
teristics of three fuels; engine speed, 2250 rpn; high blower ratio (8.47:1) 
spark advance, 32° B.T.C.; carburetor-air temperature (bulb), approximately 
85° F; four-engine airplane. 
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Figure V. - Continued 
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Figure 7. • Concluded. 
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(a) Eng ine -performance variables. 


Figure 8. - Performance of modified engine as limited by the knock: characteristics 
of 28-K fuel; engine speed, 2230 rpm; high blower ratio (8.47:1): spark advance, 
25° B.T.C.; carburetor -air temperature (bulb), approximately 100° F; four-engine 
airplane . 
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(b) Additional perforaenoe varlablea. 

Figure 8. - continued. 
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(c) Temperatures. 
Figure 8. - Concluded. 
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(a) Cooling limits based on maximum rear-spark -plug-gasket temperatures. 

Figure 10. - Comparison of fuel knock limits, engine cooling limits, and 
carburetor-metering characteristics for modified engine Installed in 
four-engine airplane at an engine speed of 1800 rpm. (Engine cooling- 
limit data based on cooling equation for this engine. Airplane assumed 
equipped with four modified engines, all operating at temperature - 
limited power. Assumed conditions: airplane gross weight, 50,000 lb; 

cooling-air temperature, 60° F; pressure altitude, 7000 ft.) 
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(b) cooling limits based on average reer-spark-plug-boss temperatures 
Figure 10. - Concluded. 
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(a) Cooling limits based on maximum rear-spark -plug -ga a k» t temperatures . 

Figure 11. - Comparison of fuel knock limits, engine cooling limits, and 
carburetor-metering characteristics for modified engine installed in 
a four-engine airplane at an engine speed of 2250 rpm. (Engine cooling- 
limit data based on cooling equation for this engine. Airplane assumed 
equipped with four modified engines, all operating at temperature- 
limited power. Assumed conditions: airplane gross weight, 50,000 lb: 
cooling-air temperature, 60° F; pressure altitude, 7000 ft.) 
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Figure 11. - Concluded. 
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Figure 12. - Comparison of average rear-spark-plug-boss temperature, 
measured by embedded thermocouples, with maximum rear- spark-plug- 
gasket temperature. 
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Figure 13. - Variation of maximum rear middle-barrel and maximum 
cylinder rear-hold-down-flange temperature with fuel-air ratio 
for two assumed oonstant maximum, rear-spark-plug-gasket tempera- 
tures. (Curves correspond to respective temperature-limited 
performance curves in figs. 10(a) and 11(a) for 1/3 open and 
closed cowl-flap settings.) 


Maximum cylinder rear-hold-down-flange Maximum rear middle-barrel 

temperature, op temperature, °F 


NACA MR No. E5H04 


/3 open 


Engine speed, 1800 rpm 


Engine si 


Assumed constant average rear 
spark-plug-boss temperature 
(°P) 

461 

411 


/3 open 


Engine speed , ,1600 rpm 


NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 


/3 open 


Engine speed, 2250 rpm 


Toe 767 Toe 709 7X5 

Fuel-air ratio 

Figure 14. - Variation of maximum rear middle-barrel and maximum cyl- 
inder rear-hold-down-flange temperature with fuel-air ratio for two 
assumed constant average rear-spark»plug-boss temperatures, (curves 
correspond to respective temperature-limited performance curves in 
figs. 10(b) and ll(b) for 1/3 open and closed oowl-flap settings. ) 
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(a) Engine-performance variables and maximum rear-spark-plug-boss temperature. 

Figure 15* — Comparison o.f knock data obtained at constant cooling-air pressure drop with data 
obtained at constant maximum rear-spark-plug-boss temperature; 26-8 fuel; carburetor-air tem- 
perature (bulb), approximately 85° F; flight 34. 
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(b) High blow.r (8. 47:1). 
Flgura 18. - Concluded. 
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Figure 17. - Relation between calculated and average observed mixture temperatures. Modified engine installed in four- 

engine airplane . 
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